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ABSTRACT 

T h i s  p a p e r  d e s c r i b e s  new d e s i g n s  deve loped  and 

a p p l i e d  i n  o r d e r  t o  i n c r e a s e  t h e  pe r fo rmance  of  

c r y s t a l  o s c i l l a ~ o r s  f o r  m i l i t a r y  and space  a p p l i -  

c a t i o n s ,  r e q u i r i n g  h i g h  pe r fo rmances .  

The f o l l o w i n g  p e r f o r m a n c e s  have been r e a c h e d  : 

a t  f r e q u e n c i e s  of  10 MHz o r  10,230 MHz : l ong  
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t e r m  s t a b i l i t y  10 p e r  month ; d r i f t  i n  temper- 
0 

ature range (from -40 to +70 C) some p a r t s  o f  

10 - lo 
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; s h o r t  t e rm 5,10 ; spectral d e n s i t y  
- 10 < 160 d ~ c / H z ,  g - s e n s i t i v i t y  < 2.5.10 p e r  g ,  

which a l l o w s  h i g h  immunity a g a i n s t  i nduced  s i d e  

bands unde r  v i b r a t i o n s .  

T h e s e  r e s u l t s  have been  obt<:iined Erum : 

. 1212 deve lopmen t s  u f  a new t l ~ c h n o l o g y  a p p l i e d  t o  

c r y s t a l  r e  s o n a t o r s  

. rhc us2  of a low n o i s e  d e s i g n  of  t h e  electronics 

associated with the resonator 

highly m i n i a t u r i z e d  oven with P I D  c i l n t r o l  

r assembly  of  t h e s e  e l e m e n t s  have  met  t h e s e  s p e c i -  

f i c a t i o n s  d u r i n g  m e c h a n i c a l  env i ronmen t  t e s t s .  



Since  seve ra l  decades, oven con t ro l  led  c r y s t a l  o s c i l l a t o r s  i n  a l a rge  

range of f requencies  from 1 MHz t o  200 MHz, o f f e r i n g  high performanc12s 

i n  s t a b i l i t y  and s p e c t r a l  d e n s i t y ,  have been improved by CEPE.. From 

t h i s  l a rge  experience f o r  research ,  development and manufacturing OCXO 

and o t h e r  k inds  a s  XO, TCXO, VCXO ; with  the  contribution of new techni -  

ques on r e sona to r s  and wi th  the  support of precise systems of measurements, 

a new genera t ion  of u l t r a  s table  oscillator, (USO) ,  i s  now under 

development t o  s a t i s f y  the  requirements during the  next  decade. 

These US0 are  designed f o r  a nominal frequency of 10 MHz ; freq:.3encies 

about 10 MHz, f o r  example 10.230 MHz can be a l s o  achieved. The domain 
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of s t a b i l i t y  involved i s  10 pe r  month and under environmental condi- 

t i ons .  According t o  the  environment, i t  has  been def ined  t h r e e  types  

corresponding t o  the  f i e l d s  of a p p l i c a t i o n  ( f i g  1 ), 

1. US0 f o r  f i x e d  eguipment s : continuous operation; easy environmental 
---llrrCC-C---- --CC-C-- 

condi t ions ,  volume and power consumption a r e  n o t  c r i t i c a l .  

2. US0 f o r  t r anspor t ab le  o r  a i rborne  eguipments : i n t e r m i t t e n t  opera- 
- - - - I - I " I C - e - - - " C I - C - - - - - ~ - " - - "  -------- 
t i o n ,  severe ope ra t ing  condi t ions ,  volume and poss ib ly  power consump- 

t i o n  t o  be minimized. 

3. U S 0  f o r  s a t e l l i t e  a p p l i c a t i o n s  : performances t o  be maintained a f t e r  
CC--1--I"------_-IC"---------- 

launch, volume and power consumption t o  beminimized. 

Considering these  d i f f e r e n t  domains which could lead t o  con t r ad ic t ions ,  

i t  has  been neve r the l e s s  poss ib l e  t o  de f ine  a b a s i c  design,  wi th  ext.en- 

s i o n s  s u i t a b l e  f o r  s p e c i f i c  requirements. 

The study and development have been done on the  fol lowing elements which 

a r e  descr ibed  i n  the  f i r s t  p a r t  : 

- High Q r e sona to r s  



- C i r c u i t s  o f  t h e  o s c i l l a t o r  and t h e  oven 

- Mechanical  assembly. 

I n  t h e  second p a r t ,  t e s t s  r e s u l t s  of fo l lowing  paramete rs  a r e  p r e s e n t e d  : 

- Long term s t a b i l i t y  

- Mean term s t a b i l i t y  

- S h o r t  term s t a b i l i t y  

- S p e c t r a l  d e n s i t y  

- I n f l u e n c e  of environmental  c o n d i t i o n s  

- Turn on t ime and r e t r a c e .  

DESCRIPTION OF INCORPORATED ELEMENTS 

A n  u l t r a  s t a b l e  o s c i l l a t o r  had t o  be cons idered  a s  a sub-assembly i n  

an equipment ; each f u n c t i o n  i s  depending o f  t h e  o t h e r s .  N e v e r t h e l e s s ,  

t h r e e  main s u b j e c t s  can be c o n s i d e r e d  a s  shown i n  b lack  diagram ( f i g  2 ). 

C r y s t a l  r e s o n a t o r s  
-*---------------- 

I n  t h i s  f i e l d ,  CEPE h a s  now t h e  c a p a b i l i t y  of manufac tu r ing  h i g h  Q 

r e s o n a t o r s  a t  10 MHz o r  10.230 MHz s t a n d a r d  f r e q u e n c i e s  ; i t  i s  

a l s o  p o s s i b l e  t o  p rov ide  o t h e r  f r e q u e n c i e s  i n  t h e  range of 5 MHz 
12 

t o  20 MHz, having a  p r o d u c t  Q x E of 1 2  x 10 w i t h  the support  of 

the f o l l o w i n g  f a c i l i t i e s  : . cho ice  of the  over tone  : 3 r d  o r  5 t h  

cho ice  of t h e  doubled r o t a t e d  c u t  : SC . r e  

r cho ice  of t h e  assembly t e c h n o l o g i e s  : c l a s s i c  means w i t h  

p l a t e d  electrodes and mounted on springs: QAS plated elec- 

t r o d e s ,  i s o l a t e d  from t h e  a c t i v e  p a r t  of t h e  p l a t e  by q u a r t z  

b r i d g e s  ; BVA e l e c t r o d e s  s e p a r a t e  from t h e  q u a r t z  a c t i v e  



improved e x p e r i e n c e  on t e c h n i c s  of machining and p o l i s h i n g  

the  p l a t e s ,  of m e t a l l i s a t i o n ,  o u t g a s i n g  and c l o s i n g  procedu- 

r e s .  

I n  o t h e r  r e s p e c t s , t h e  f a c i l i t i e s  of measunxent of t h e  achieved r e s o -  

n a t o r s  have been completed by p r e c i s i o n  test  sets al lowing s h o r t  

term 0,1 t o  1000 s and g - s e n s i t i v i t y  measurments a t  t h e  o p e r a t i o n a l  

t empera tu re  of t h e  oven a d j u s t a b l e  between 50 and W°C. 

These  f a c i l i t i e s  and c a p a b i l i t i e s  a l l o w  t h e  c h o i c e  of t h e  r e s o n a t o r  

adap ted  f o r  each  domain o f  u t i l i z a t i o n  and improved b e f o r e  mounting 

i n  t h e  o s c i l l a t o r  i n  t h e  oven. 

E l e c t r o n i c  c i r c u i t r y  
--M----------------.. 

Two main p a r t s  can be d i s t i n g u i s h e d  : 

t h e  o s c i l l a t o r  ( f i g  3 ) 

. and t h e  oven ( f i g  No 4 ) 

The o s c i l l a t o r  i n c l u d e s  t h e  fo l lowing  e lements  : 

- t h e  t r a n s i s t o r i z e d  o s c i l l a t o r  which i s  a  Clapp g i v i n g  a low 

d r i v e  l e v e l  of abou t  30 pW on t h e  r e s o n a t o r .  The components 

must have a  low n o i s e  l e v e l  e s p e c i a l l y  t h e  t r a n s i s t o r .  

- the  v a r a c t o r ,  i n  s e r i e s  with t h e  resonator, p e r m i t s  the a d j u s t -  

ment of t h e  f requency by a c o n t r o l  vo l t age .  

- t h e  v o l t a g e  r e g u l a t o r  h a s  t o  be des igned  f o r  a low n o i s e  and 

e f f e c t i v e  p r o t e c t i o n  a g a i n s t  t h e  r i p p l e  of t h e  power supply. 

- t he  a d d i t i o n a l  b u f f e r  a m p l i f i e r s  g ive  an i n s u l a t i o n  between 

t h e  o s c i l l a t o r  and t h e  e x t e r n a l  mismatch of t h e f r e q u e n c : ~  

o u t p u t  

The c i r c u i t s  of t h e  oven a r e  c o n s t i t u t e d  by t h e r m i s t o r s ,  DC p ropor -  

t i o n a l  a m p l i f i e r  and h e a t i n g  elements. The t h e r m i s t o r s  loca ted  



n e a r  t h e  c r y s t a l  c a s e ,  a r c  g l a s s  welded  s m a l l  s i z e  t y p e  because  t h e y  

have  a good long  t e rm s t a b i l i t y .  The p r o p o r t i o n a l  a m p l i f i e r  a s s o c i a -  

t e d  w i t h  i n t e g r a t o r  and d e r i v a t o r  c i r c u i t s  e n s u r e s  w i t h  a  h i g h  s c n s i -  

b i l i t y ,  a  good s t a b i l i t y  w i t h o u t  o n d u l a t i o n .  The h e a t i n g  e l e m e n t s  

a r e  made w i t h  power t r a n s i s t o r s  on whicfi i t  i s  p o s s i b l e  t o  a d j u s t  

t h c  r e q u i r e d  power. 

M e c h a n i c a l  assembly  
- - - - - - - - - -v- - - - - - - -  

The Durpose w a s  t o  r e d u c e  a s  much a s  p o s s i b l e  t h e  volume t o  be main-  

ta ined  w i t h i n  several h u n d r e d t h s  of d e g r e e  c e n t i g r a d e .  Fo r  t h i s  

reason t h e  e l e m e n t s  t o  be i n  t h e  oven: c r y s t a l  and the o s c i l l a t o r  

and some o t h e r  p a r t s  o f  t h e  e l e c t r o n i c s  have  been d e s i g n e d  i n  mini 

e l e c t r o n i c  o r  h y b r i d  a s sembly  ( fig No 5 ) .  

A l s o  s p e c i f i c  h y b r i d  c i r c u i t s  i n c l u d i n g  t h e  t l l e r m i s t o r  and a c h i p  

o f  power t r a n s i s t o r  were developed on Be0 s u b s t r a t e  t o  e n s u r e  a 

t i g h t  t h e r m a l  coup l i n g  between t he s?  e ien ients  and t h e  c r y s t a l  hous ing .  

M e c h a n i c a l  d e s i g n  of  t h e  assembly  t a k e s  i n  a c c o u n t  t h e  t h e r m a l  l o s s e s  

c o r r e s p o n d i n g  t o  t h e  o p t i m i z a t i o n  between a f i n e  r e g u l a t i o n  and a 

power consumpt ion  a s  low a s  p o s s i b l e  -Eig N o  6 ). 

Thermal  i n s u l a t i o n  can  be cccofoarn, o r  s t i l l  a i r  between non r a d i a -  

t i v e  w a l l s ,  o r  vaccum. I f  n e c e s s a r y  , i n  p a r t i c u l a r  r e q u i r e m e n t s ,  

a  second oven c a n  be added. 

RESULTS OF THE PlXFOKmANCES 

I n  t h i s  s e c t i o n ,  t h e  key p a r a m e t e r s  o f  t h e  pe>:f o ~ m a n c c  s  a r c  p r e s e n t e d .  

Long t e rm s t a b i l i t y  ..------------------ 
T h i s  p a r a m e t e r  i s  measu red  i n  s t a b l e  c o n d i t i o n s  : c o n t i n u o u s  opera -  

t i n g ,  supp ly  v o l t a g e ,  l o a d  and e x t e r n a l  t e m p e r a t u r e  a re  c o n s t a n t  a t  

t h e  moment of t h e  measuremect. For c h i s  type of USO, i n  the  perfor- 
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mance of + 10 pe r  day i s  obtained a f t e r  10 days of continuous - 
opera t ion .  The l e v e l  of some pe r  month i s  obtained a f t e r  

- 9 2 months of continuous opera t ion  and we expect  -I- 1.10 p e r  year.  - 

These measurements are done on a f u l l y  automatic  t e s t i n g  equipment 

referenced by a Cesium s tandard  ( figure 7 ) on which t h e  

r e s u l t  of s t a b i l i t y  p e r  day i s  given on the  l a s t  t e n  days. 

Mean term s t a b i l i t y  
-c-------------c--- 

Th i s  domain concerns the  s t a b i l i t y  between 100 s and one day, i n  

continuous ope ra t ion ,  tak ing  i n t o  account t h e  d r i f t s  due to s l i g h t  

changes i n  power supply, load and temperature. T h i s  requirement. i s  

s p e c i f i c a l l y  expressed by t h e  drift of t h e  e x t e r n a l  temperature a t  

abou t  5 o r  10°C / ppr hour r e l a t e d  t o  the  kind of t h e  mission. 

The measurments a r e  made with a  programmable t e s t  chamber and the  

the  f requencies  a r e  recorded each 10 s  during 15 minutes ,  t h e  s l o p e  p 
-12, 

and the  d i spe r s ion  c a r e  ca l cu la t ed  wi th  goal  of p = 1.10 min. and 

Shor t  term s t a b i l i t y  
-----------cc----cc- 

T h i s  parameter,  a l s o  designed by s t a b i l i t y  i n  time domain, can be 

achieved by comparaison of two o r  t h r e e  US0 of t he  same type running 

i n  continuous operat ion.  The measuments  a r e  made on a  s p e c i f i c  t e s t  
system inc luding  a Low noise mixer,  a low n o i s e  a m p l i f i e r ,  a low band 

pas s  f i l t e r  g iv ing  a  r e s o l u t i o n  b e t t e r  than 10 -I1 over 10 ms and 

5.10"~  over 100 s. The r e s u l t s  a r e  expressed by by (2) a s  func t ion  

of Z by the  formula o f  Al lan  o r  Pincibono variance. The r e s u l t s  

are given on f i g  No 8. 

S p e c t r a l  dens i ty  --------------- 
The s p e c t r a l  dens i ty  % ( f )  i s  def ined  as  a r a t i o  between the  power 

of the  phase no i se  i n  a  bandwith of 1 Hz a t  t h e  frequency f from the 



c a r r i e r  and t h e  t o t a l  power o f  t h e  s i g n a l .  Because o f  t h e  h i g h  Q 

f a c t o r  of t h i s  o s c i l l a t o r ,  t h e  s p e c t r a l  d e n s i t y  w i l l  be a t  -130 dBc/Hz 

a t  10 H Z  and -160 dBc / Hz a t  1 KHz ( f i g  N o  9 ). The measument  s e t  

ha s  the  ba s i c  configuration of the previous one, coupled with a l o w  

f requency ana lyzer  and a g r a p h i c  p l o t t e r ;  t he  r e s o l u t i o n  r e a c h e s  

- 170 dBc / H Z .  

I n f l u e n c e  of  thc environment 
- * - - - - - - - - - n - - - - - - - - w - * - - - - -  

The c h a r a c t e r i s t i c s  o f  s t a b i l i t y  and s p e c t r a l  d e n s i t y  have t o  be 

main ta ined  i n  t h e  p r o p z r  environmental  c o n d i t i o n s  s p e c i f i e d  f o r  

each a p p l i c a t i o n .  The f o l l o w i n g  paramete rs  have been t aken  i n t o  

c o n s i d e r a t i o n  : 

a )  - e x t e r n a l  t empera tu re  

by us ing  SC c r y s t a l s  and a p rc?c i s ion  e l e c t r o n i c  compact: d e s i g n  
- 11 

f o r  t h e  oven, t h e  s t a b i l i t y  of 2 .  10 peak-peak from 3. 10 t o  

+ 40°C o r  2.10*'O peak-peak from - 40 t o  + 70°C i n  t h e  t o t a l  

t empera tu re  range ( f i g  N o  10 ). 

>ice t o  the new developments cn c r y s t a i ,  a : t r > i L i t y  a s  l o w  a s  

3 .  p e r  g i n  a l l  d i r e c t i o n s  i s  achievrd.  T h i s  va lue  
-11 

d r o p s  t o  5. 10 p e r  g i n  a l l  d i r e c t i o n s ,  i f  r e q u i r e d .  

c )  - v i b r a t i o n s  and shocks 

by a ruggedized concep t ion  of PCB and assembly,  t h e  US0 i s  a b l e  

t o  suppor t  h i g h  l e v e l s  of mechanical  s t r e s s e s  : 

- under s i n e  v i b r a t i o n  20 g up t o  i.300 Hz 

- under random v i b r a t i o n s  25 g rms up t o  2000 Hz 

- under shocks 100 g - 11 ms 

C )  - p r e s s u r e  

t h e  performances under  vacuum a r e  a l s o  g u a r a n t e x l  by a  s p e c i f i c  

d e s i g n  due t o  thermal  l o s s e s .  



The performances i n  t h i s  domain a r e  most ly important i n  i n t e r m i t t e n t  

ope ra t iona l  conditions. I n  order to make comparative measurements, t h e  

fol lowing procedure i s  appl ied  : a f t e r  t he  measure of t h e  slope 

p AF / F p e r  day before t u r n  o f f ,  t he  o s c i l l a t o r  i s  s tored  a t  
1 

ambient temperature during 24 hours  and the frequency i s  recorded 

a f t e r  turn-on a t  t . The r e t r a c e  i s  def ined as  the  gap of frequency 
0 

between the  frequency before  turn-on and the  frequency obtained 

when t h e  s lope p2 i s  equal  t o  p ( f i g  No 13). 1 

T h i s  gap depends on the  power a v a i l a b l e ,  on the c a p a b i l i t y  of resona- 

t o r s  and the  m i n i a t u r i z a t i o n  of the  oven. The inf luence  of t he  

number of r e t r a c e s  and of t he  temperature of s torage  w i l l  be a l s o  

measured. 

The r e s u l t s  obtained wi th  a power consumption of 5 W during l e s s  

than  1 m i n . ,  with a QAS r e sona to r  i s  shown i n  f i g  NO 1 2  which gives  - 10 -9 
r e t r a c e  of -t - 2. 10 a f t e r  100 min. and even the  s t a b i l i t y  of 3- - 1.10 

have been reached a f t e r  10 min. operation. 

CONCLUSIONS 

Since the  US0 a r e  cuneable by e x t e r n a l  adjustment of vo l tage  appl ied  on 

the  va rac to r ,  the long term d r i f t  can be permanently o r  periodically 

compensated by the  e x t e r n a l  c i r c u i t r y  shown on f i g  No 1 3 .  

By combination of QAS and BVA r e sona to r s  and new design of the  e l e c t r i c a l  

and mechanical p a r t s  of t he  ovenized o s c i l l a t o r ,  i t  i s  now p o s s i b l e  to  

de f ine  a new genera t ion  of US0 ( f i g  No Ibis) giv ing  a t  great: improvement 

t o  the  d i f f e r e n t  f i e l d s  of appl ica t ion .  

Thus, these  US0 o f f e r  wi th  an expected du ra t ion  of l i f e  of t e n  years ,  

performances comparable and even b e t t e r ,  than those o f f e red  by o t h e r  

secondary r e fe rences  of frequency. 
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MR. CAMP:  

The warmup t i m e  t h a t  you showed f o r  SC seems t o  be r e l a t i v e l y  l o n g .  You 
mentioned one  o f  t h e  l i m i t s  was t h e  amount of  power a v a i l a b l e .  How l o n g  
d i d  i t  t a k e  f o r  t h e  oven t o  c u t  back on t h e  power? 

MR. BEAUVY: 

0 
T h i s  t i m e  was some t h r e e  minu te s ,  o r  something l i k e  t h a t  i f  you s tar t  a t  20 C. 

MR. GOLDBERG: 

EGG. What i s  t h e  s i z e  o s c i l l a t o r  you showed? 

MR. BEAUVY: 

E x t e r n a l ,  abou t  t e n  cen t l .me te r  c u b i c .  ?'en c e n t i m e t e r s  on each  s i d e .  

MR. Mc COUBREY : 

To what e x t e n t  i s  t h e  s p e c t r a l  d e n s i t y  of  t h e  n o i s e  per formance  and t h e  
s h o r t  term s t a b i l i t y  ach ieved  c o n s i d e r i n g  t h e  t h e o r e t i c a l  l i m i t s ?  

MR. BEAWY: 

I Do you mean t h e  t h e o r e t i c a l  l i m i t s  which are l o c a t e d  abou t  -130 db f o r  
s p e c t r a l  d e n s i t y ?  

MR. McCOUBREY: 

Yes. 

MR. BEAUVY: 

There  i s  some p r o g r e s s  t o  be  done,  b u t  t h e r e  a r e  a l s o  l i m i t a t i o n s  due  t o  
t h e  e l e c t r o n i c  c i r c u i t s  and a l s o  t h e  loaded  Q v a l u e  o f  t h e  r e s o n a t o r ,  and 
some t h i n g s  l i k e  t h a t .  So I t h i n k  t h i s  improvement i s  one  of  t h e  b e s t  
t h a t  can be  done today .  

MR. McCOUBREY: 

What i s  t h e  most impor t an t  s o u r c e  of  n o i s e  now, i s  i t  t h e  c r y s t a l  o r  
the e l e c t r o n i c s ?  



MR. BEAUW: I 
I would say b o t h  of them, it depends i f  you are at a p l a c e  near t h e  c a r r i e r  
o r  f a r  from t h e  c a r r i e r .  So f o r  some radar a p p l i c ~ t i o n s ,  we b u i l d  o s c i l l a t o r s  
f o r  100 o r  200 megahertz, and what i s  important ,  i s  n o t  noise n e a r  t h e  c a r r i e r ,  
but  n o i s e  f a r  from t h e  c a r r i e r .  

We can ach ieve  much b e t t e r  r e s u l t s ,  s t a r t i n g  wi th  a hundred megacycle d i r e c t ,  
i n s t e a d  of s t a r t i n g  w i t h  ten megacycles with m u l t i p l i c a t i o n ,  but of course  
you a r e  n o t  so  good r i g h t  n e a r  t h e  c a r r i e r  i n  t h i s  c a s e .  




